A specific antibody to rat collagen proline hydroxylase has been used to measure the amount of "enzyme" protein in cultured mouse fibroblasts (L-929 cells) during normal growth, and under other conditions that cause an increase in enzyme activity. Collagen proline hydroxylase activity per mg of cell protein increased 24-fold as the cells progressed through the logarithmic to the stationary phase of growth, while the cellular concentration of immunologically reactive protein changed only slightly. Similar results were obtained with cells in early log phase in which enzyme activity was stimulated severalfold by cell concentration or lactate treatment without a corresponding change in cellular antigen. It has also been shown that the enzymatically inactive antigen in these fibroblasts competes effectively for antibody-binding sites with partially purified enzyme. It is concluded that early-log-phase fibroblasts contain an inactive form of collagen proline hydroxylase which may be a precursor of the functional enzyme.
Green and Goldberg noted that collagen, measured as protein-bound hydroxyproline, first appeared in cultured fibroblasts in late log phase (1) , and that it appeared earlier when lactate was added to the medium (2) . Subsequently, Gribble et al. showed (3) that primary collagen chains were, in fact, synthesized in early-log-phase fibroblasts but that collagen proline hydroxylase activity, and hydroxyproline, were present at low levels in these cultures. The activity of the enzyme was found to increase several-fold in late log phase and was paralleled by an increase in peptidyl hydroxyproline. Further studies (4, 5) revealed that the activity of collagen proline hydroxylase in early-log-phase cells could be stimulated several-fold if these cells are concentrated to higher density or if lactate is added to the medium. The increase in enzyme activity produced by both procedures was not blocked by cycloheximide, puromycin, or actinomycin D, which indicated that it was independent of protein and nucleic acid synthesis. The latter investigations pointed to the existence of an inactive form of collagen proline hydroxylase in early-log-phase fibroblasts which was activated during normal cell growth and by the experimental manipulations cited. The object of the present investigation was to examine this hypothesis more directly. An antibody specific for collagen proline hydroxylase was prepared and used to quantify the amount of enzyme protein present during normal cell growth and under various experimental conditions. These data are compared to changes in enzyme activity under the same conditions.
MATERIALS AND METHODS
The sources of all reagents and equipment used in the purification and assay of collagen proline hydroxylase and in the 1585 propagation of L-929 fibroblasts have been reported in detail elsewhere (3) (4) (5) (6) Collagen proline hydroxylase was purified from rat and mouse skin according to the method of Rhoads and Udenfriend (6). Mouse skin enzyme was obtained after the first ammonium sulfate fractionation step. The rat enzyme, which was used for antibody production, was further purified by DEAE-Sephadex chromatography, ammonium sulfate extraction, and passage through two Sephadex G-200 columns. The enzyme (approximately 1 mg) was then separated from contaminating proteins in this preparation by electrophoresis on 7% polyacrylamide gels (7) and made visible, without denaturation, by staining with 1-anilinonaphthalene 8-sulfonate (8) . The bands that contained electrophoretically homogeneous enzyme were then excised from the gels and the slices were homogenized in 0.05 M cacodylate buffer (pH 7.0) containing 10-s M EDTA and 10-4 M dithiothreitol. The homogenate was mixed with an equal volume of complete Freund's adjuvant and injected subcutaneously into a goat. Blood was drawn before immunization to serve as controls in the various immunological procedures described, and again 2 months after the initial injection, at which time precipitating antibody to collagen proline hydroxylase was present in the serum. This antiserum also inhibited enzyme activity at low concentration in the absence of precipitation. Details of the production of this antibody and its characteristics will be described in a future report.
The conditions for growing L-929 fibroblasts in monolayer culture have been described in detail elsewhere (4, 5 Aliquots of each preparation, containing the same amount of enzyme activity, were added to a series of tubes containing all of the cofactors and substrate, and the quantity of antiserum indicated. The complete reaction mixture, together with controls containing no antiserum or normal serum, were incubated at 30'C for 30 min, and enzyme activity was measured. Inhibition of enzyme activity is expressed as a percentage of the control containing no antiserum. Normal serum at these concentrations stimulates activity slightly (about 20% with 6 Ml).
(S16 fraction), which contained essentially all the enzyme activity present in the crude sonicate, was used immediately in the precipitin reaction. There was no quantitative difference in enzyme activity between cells sonicated in the Tris buffer and those sonicated in phosphate-buffered saline when the sonicates or supernatant fractions were assayed immediately, but collagen proline hydroxylase activity deteriorated more rapidly in the phosphate buffer. The quantitative precipitin reaction was performed as described by Kabat and Mayer (10) . All sera were centrifuged at 45,000 X g for 1-2 hr at 00C before use, and the lipid layer and the precipitate were discarded. This minimized the amount of nonspecific precipitation in the control tubes (antiserum alone and normal serum plus enzyme) that served as the blanks in this assay. Precipitin reactions were performed in 5-ml conical tubes in a final volume of 1 The antiserum produced to rat collagen proline hydroxylase was specific for the enzyme when tested in immunodiffusion ( Fig. 1) and immunoelectrophoresis (Fig. 2 ) against crude and highly purified enzyme. In double diffusion analysis, even thus the antiserum contained no detectable antibodies to proteins other than the enzyme.
The antiserum to the rat enzyme was found to cross-react with collagen proline hydroxylase of mouse origin. In immunodiffusion the rat and mouse enzyme gave a Type I reaction (Fig. 3) , which indicates that the enzymes are closely related antigenically (12) . Small amounts of the antiserum, added directly to the enzyme assay mixture, also inhibited the activity of enzyme from both species (Fig. 4) . Over the range of antiserum concentrations used, the rat enzyme was always inhibited slightly more than the mouse enzyme. The degree of inhibition of the hydroxylase from L-929 cells and from mouse skin was practically identical. Cross-reactivity could also be demonstrated in the precipitin reaction, in which this antibody produced quantitative precipitation of mouse enzyme derived either from L-929 cells (Fig. 5) or from skin.
Collagen proline hydroxylase in L-929 cultures
In agreement with earlier reports (3-5), we found that collagen proline hydroxylase activity in monolayer cultures was present at low levels in early log phase, increased rapidly in late log phase, and reached a maximum as the cells entered the stationary phase of growth (Fig. 6) . The specific activity (enzyme activity/mg cell protein) was found to increase 10-to 24-fold during normal growth (see below), while the protein concentration per cell remained approximately constant. To determine whether this increase in specific activity was due to activation of a preexistent form of the enzyme or to an increase in concentration of enzyme, we performed the following experiment. I-929 cells were grown in monolayer culture, harvested at intervals over a 6-day period, and sonicated. The sonicates were assayed for total protein and for enzyme activity, and the S16 fractions were assayed for immunologi- cally reactive protein by quantitative immunoprecipitation. In these precipitin reactions, antiserum was added in excess to ensure quantitative precipitation of antigen. As shown in Fig. 7 , there was only a small variation in the concentration of immunologically reactive protein in these cultures (110-174 ,g of precipitate per mg of cell protein) throughout the log phase of growth, as compared to a 24-fold increase in specific activity of the enzyme over the same period.
In view of these results it was of interest to measure the same parameters in early log phase fibroblasts treated by Four series of tubes were set up, reagents were added as indicated below, and all, except series C, were incubated at 30'C for 10 min. Series C was kept on ice for 10 min.
A, buffered saline (-X-). B, buffered saline + 2 IAl of antiserum (-A-). C, buffered saline + increasing amounts of the 36-hr S16 fraction (-El-). D, buffered saline + increasing amounts of the 36-hr S16 fraction + 2 pl of antiserum (-0-).
After incubation a constant amount of partially purified mouse enzyme was added to all tubes in the series A, B, and D. Cofactors and substrate were then added to all tubes, and enzyme activity was measured.
procedures that cause an elevation in enzyme activity. In two separate experiments (Table 1) , enzyme activity in I-929 cells was stimulated 2.7-fold by cell concentration and 8.6-fold by lactate treatment, while the concentration of immunologically reactive protein tended to decrease slightly.
An indication of the close similarity between the immunologically reactive, but catalytically inactive, protein in earlylog-phase cells and purified enzyme was obtained by the following competitive type of experiment. In designing the experiment we took advantage of the fact that small amounts of antiserum inhibit enzyme activity (see Fig. 5 ). To a standard amount of purified mouse collagen proline hydroxylase, enough antiserum was added to produce 50% inhibition of enzyme activity (Fig. 8, A andB) . The same volume of antiserum was also incubated with a supernatant fraction (S16) from a sonicate of early-log-phase cells, which contained low levels of enzyme activity but a high antigen titer. These antiserum-S16 mixtures were then added to the standard amount of purified mouse enzyme to determine the residual inhibitory activity of the antiserum. As shown in Fig. 8 (line D) , incubation of antiserum with S16 fractions from early-logphase cells completely neutralized the inhibitory action of the antibody on the purified enzyme. As a control, we also measured the enzymatic activity of the S16 fraction in the absence of antiserum (Fig. 8, line C) . 1 Twenty flasks were inoculated with 2.5 X 106 cells and incubated for 48 hr. At this time the cells from 12 flasks were harvested, concentrated by centrifugation, and replated in similar flasks (75 cm2) at a cell density four times higher. These, together with the eight undisturbed cultures (controls), were incubated for an additional 24 hr. The cells were then harvested, pooled, and assayed in duplicate for enzyme activity and immunologically reactive protein. 2 Ten replicate flasks were inoculated with 1.8 X 106 cells and cultured in the standard medium for 44 hr. Sodium lactate (80 jumol/ml of medium) was added to five flasks and these, together with the untreated controls, were incubated for another 9 hr. The control and lactate-treated cells were collected and assayed as above. 3 Enzyme activity was measured in the whole sonicate. 4 Immunologically reactive protein was measured in duplicate as described in the legend to Fig. 7 (1971) action is specific, in that pyruvate, glucose, and Krebs-cycle intermediates are without effect, lactate has no stimulatory effect on cell-free preparations (5) . It is possible that the antigen present in early-log-phase cells is an enzyme precursor like trypsinogen or )hosphorylase B, which require other enzymes for their activation. In preliminary studies, using an immunoassay based on the methods shown in Fig. 8 , we have been able to separate the putative precursor from active enzyme by column chromatography. It should now be possible to purify and characterize this protein and determine the mechanism of activation.
The physiological significance of an inactive form of collagen proline hydroxylase is not immediately apparent. The delay in activation in cell culture leads to the production and secretion of incompletely hydroxylated collagen (protocollagen*) (3). Since little or no protocollagen is detectable in intact animals one wonders whether enzyme activation is delayed to this extent in vivo. There is evidence, however, which suggests that this phenomenon occurs in other fibroblast lines, namely WI38 (5), 3T6, and 3T12A (1) . It is possible that the inactive enzyme represents an obligatory intermediate in the synthesis of active collagen proline hydroxylase, but that it is manifest in detectable concentration only under the peculiar circumstances of cell culture.
